The evaporation of a sessile droplet is here investigated numerically with a design of experiment approach. Boundary conditions are chosen based on forced convection in humid air, i.e., mimicking the conditions inside a dishwasher. Computational fluid dynamic simulations of an axisymmetrical droplet placed on a heated plate show that relative humidity, initial contact angle, plate temperature, and temperature difference between plate and air all have significant effect on the initial evaporation rate. For the studied conditions, relative humidity is the most significant factor while the magnitude of the velocity and type of internal flow are insignificant within a 95% confidence interval.
Introduction
Energy efficiency in home appliances has been the target of many studies during the last decades. The research and development has, for example, resulted in a substantial reduction of energy consumption per cycle for dishwashers, with improved drying cycle as one of the focus areas for enhanced energy efficiency. [1] The application of an open adsorption systems was, for example, investigated by Hauer et al. [2] while the effect of the final rinse temperature for a dishwasher with internal air circulation was studied by Jeong and Lee. [3] Bengtsson and Berghel [4] presented a concept study where drying was improved by condensation of moist air on a cold surface inside the dishwasher. To further improve drying and to control deposition of particles withheld in the water, the fundamentals of evaporating sessile droplets are of high importance.
Evaporation of droplets on a hot plate has been studied for numerous setups. [5] [6] [7] [8] [9] [10] [11] Crafton and Black [12] studied evaporation of small water and n-heptane droplets on heated copper and aluminum surfaces experimentally, while the influence of internal Marangoni convection (MC) in heated water droplets were investigated numerically in the work by Ruiz and Black. [7] Increased drying rate due to internal Marangoni flow has been verified numerically by several authors. [13] [14] [15] The effect of Marangoni flow in water droplets is, on the other hand, not as clearly manifested experimentally. Marangoni convection was observed in the experiments presented by Thokchom et al. [16] and Wang and Zhao, [17] where heated water droplets were examined, but only a very weak contribution, if any, of Marangoni convection was observed by Savino et al. [18] and Hu and Larson. [19] Small influence of Marangoni convection in water droplets is also in agreement with the findings by Xu et al., [10] where the effect of substrate size and conduction was further examined.
In addition to internal flow, the initial dropletsubstrate contact angle has also been studied. As shown in the work by Chandra et al., [20] a small contact angle will generally increase the drying rate due to larger contact area and decreased droplet height. A significant increase in lifetime of the droplet with increased contact angle was further observed in the work presented by Schweigler et al. [21] Regarding pinning of the contact line, Deegan et al. [22] found two modes for pure liquids; in the first mode, the base area remained at its initial value, while in the second mode, the contact area diminished with maintained contact angle. The two modes were also observed for the conditions studied by Wang et al. [23] . External flow, temperature, and relative humidity may, in their turn, also play an important role in the evaporation of droplets. Evaporation of sessile droplets in a humid environment was particularly studied experimentally by Cioulachtjian et al., [24] where saturated moist air and saturated vapor conditions were compared showing a large difference in drying rate.
Relative humidity between 50 and 85% was together with several air velocities and temperatures investigated experimentally for sessile droplets in the work by Leqoc et al., [25] showing that, for the studied conditions, the relative humidity is the most significant factor affecting the drying rate. The importance of relative humidity was furthermore demonstrated in the work by Wu et al. [26] Natural convection (NC) induced by vapor and heat transport might together with forced convection (FC) increase the transfer coefficients at the droplet surface. [27] Kelly-Zion et al. [28] studied the influence of vapor diffusion and natural convection on the evaporation rate and concluded that diffusion-controlled evaporation underpredicts the evaporation rates attained in their study. Numerically, there are various approaches to model the influence of external flow conditions on the evaporation rate of sessile droplets. For the case of low velocities in the surrounding flow, a common method is to apply a constant Nusselt number (Nu ¼ hd/k) and Sherwood number (Sh ¼ h m d/D av ), corresponding to conduction and diffusion, respectively. [7, 13] Mollaret et al. [29] and Strotos et al. [14] both determined the nonconstant mass flux through modeling the diffusion of vapor through Fick's law. The heated plate was furthermore included in the work by Lu et al. [13] and Strotos et al. [14] In the work by Ljung et al. [30] , also the natural convection arising from vapor and heat transfer was accounted for. The influence of local and average heat and mass transfer boundary conditions at the droplet surface was furthermore discussed in Ljung et al. [31] Effect of radiation on the evaporation of water droplets was investigated by Lee et al. [32] The transient behavior of the evaporation rate is influenced by the interaction between several parameters, e.g., size, droplet surface area, plate temperature, internal heat transfer, etc. For water droplets, experimental results on the evolution of evaporation rate over time are presented in, e.g., [11] [12] [13] 29] Mollaret et al. [29] showed a linear behavior of the volume decrease (hence constant evaporation rate) for substrate temperatures of approx. 353 K and above. For colder plates, the linear trends were observed until depinning. Essentially constant evaporation rate for plate temperatures of 333 K and higher was furthermore observed by Crafton and Black. [12] Global linear behavior of volume decrease was furthermore observed in Sobac and Brutin [11] for an initial contact angle of 68° at temperatures of approx. > ≈323 K. At lower temperatures and larger contact angle, a decrease in drying rate during evaporation was observed. The results in Lu et al. [13] indicate a correlation between initial evaporation rate and time of evaporation although there is not a clear linear relationship. Given these results, the work presented in this paper will not account for the transients of drying rate, but rather focus on how different parameters influence the initial evaporation. The work thus aims to numerically disclose how external flow, internal flow, and contact angle influence the evaporation rate of water droplets. Simulations are run with rigid droplet geometries and boundary conditions are selected with the environment in a dishwasher in mind, including natural convection and forced convection in air surrounding the droplet.
Method
All simulations are performed with the Computational Fluid Dynamics (CFD) software ANSYS CFX 15 while the numerical design of experiment (DOE) analysis is conducted through the software MODDE. Fractional factorial design is first adopted to establish significant factors. A cross-correlation function (CCF) model is then applied to investigate interactions between the significant factors. A confidence interval of 95% is used in all analysis.
Modeling of heat transfer and evaporation
The equations describing heat and mass transfer at the droplet surface are here presented while details of the governing equations for transport of air, vapor, and liquid water are displayed in Appendix A. For a droplet subjected to evaporation, the source of energy at the surface may be expressed as
The heat transfer coefficient is derived from
where q 00 n is the local heat flux determined from Fourier's law as [33] 
The local evaporation rate at the surface is in its turn determined from Fick's law according to
The corresponding mass transfer coefficient is calculated from
If the value of h m is known from the literature, previous results, etc., the mass flux may also, in addition to Eq. (4), be determined from Eq. (5), which may furthermore be expressed as the difference in concentration between the saturated vapor at the surface and the surrounding relative saturation as [34] 
The saturated pressure, p v,sat , (T) is derived from Antonie's equation according to Himmelblau and Riggs [35] ln p sat 1:333 � 10 2
with A ¼ 18.3036, B ¼ 3816.44, and C ¼ −46.13. The relative saturation, RS, is governed by
Here RS corresponds to the relative humidity, RH, of water vapor in air.
If a temperature gradient exists at the interface of two immiscible fluids, Marangoni convection is initiated as the fluid tends to flow toward areas of higher surface tension. The shear stress, τ, at the interface can be stated as a function of surface tension, σ, and temperature following [36] s
Carey [37] presented a correlation of the surface tension following 
Geometry
The sessile droplet is placed on a substrate with fix surface temperature, mimicking the experimental setup presented by Crafton and Black. [12] The simulations are run with axisymmetrical geometries, where the droplet boundary is rigid. Gravitational effects on the droplet shape are not included, hence a spherical droplet shape is assumed. The dimensions of the external domain are selected with both NC-driven flows as well as FC in mind. The droplet geometry together with boundary conditions is presented in Fig. 1 (left) , while the domain surrounding the droplet is presented in Fig. 1 (right) .
Simulation approach
The executions of simulations are performed in two steps. First heat and mass transfer coefficients (Eqs. (2) and (5)) are estimated at the droplet surface from simultaneous simulations of both droplet and external domain (Fig. 1) . The domains are coupled through surface averaged boundary conditions. A limitation in the model implies that the saturation of moisture at the droplet surface must be specified through a source term. The saturation of vapor is therefore controlled through a mass source limited by a step function (i.e., the source term is turned on/off depending on the RH at the surface). To decrease numerical instability, hence nonconverging solutions, the step function is constructed to keep the surface average RH at a maximum of 0.5% from its theoretical value, i.e., RH ¼ 100%, rather than at a fix value. The simulations are run in transient mode until steady state is reached. To increase the numerical accuracy of the evaporation rate and to include also geometrical effects on the transfer coefficients, a second step of simulations is performed. The local heat and mass transfer coefficients retrieved in the simultaneous simulations are then applied to the droplet surface (Fig. 1 left) together with Eqs. (1) and (6), to determine the evaporation rate with local surface effects accounted for. Simulations where only the droplet is considered are run in steady-state mode with an Root mean square (RMS) convergence criterion of 1e−7. A specified blend advection scheme with blend factor 1.0 is applied in all simulations.
Results and discussion
Mesh convergence is first assured and the results are then compared to experiments found in the literature. A DOE approach is applied to the simulations to determine significant factors and interactions between the variables velocity, V ∞ , relative humidity, RH, surface temperature, T s , temperature differences, ΔT ¼ T s − T ∞ , contact angle, θ, and type of internal flow.
Mesh
A structured, axisymmetrical mesh with one element in the axial direction is considered. To ensure mesh convergence, a grid refinement study is performed with three mesh sizes. The boundary conditions T s ¼ 333.15 K, ΔT ¼ 5 K, RH ¼ 80%, and V ∞ ¼ 0.5 m s −1 are chosen for the study. Natural convection and conduction are accounted for inside the droplet. Results from three consecutive meshes (351,536, 506,471, and 727,841 nodes, respectively) are presented in Table 1 , showing a difference between Mesh nos. 1 and 3 of less than 1% if area average drying rate, DR, is considered. Mesh no. 3 is therefore used in all further studies. The mesh in the close proximity of the droplet is displayed in Fig. 2 .
Comparison with experiment
Two separate experiments, Sobac and Brutin, [11] and Crafton and Black, [12, 38] are considered for validation of the simulations. Both studies are similar in regard to the geometry of the experimental cell.
The computational domain is first setup according to the experiments by Crafton and Black. [12] Additional information about the experiments can be retrieved in Crafton. [38] During the experiments, water droplets were placed on a cylindrical heater with a polished surface. The diameter of heated surface was 9.53 mm. All measurements were conducted at room conditions and the evaporation rates were determined from the change in droplet volume, which was obtained from videotape recordings. The measurement error for the evaporation rates was approximated to 3.9% for water droplets. The simulations are designed to fit the experimental results of a water droplet evaporating on an aluminum surface at T s ¼ 333.15 K, for which a rather constant evaporation rate was observed in the experiments. To mimic the experimental work, a contact diameter of 0.98 mm is adopted on a droplet with a fix contact angle, θ ¼ 110°, representing the initial stages of evaporation. The exact temperature and humidity is not specified for each experiment, instead an interval is given. Humidity in the surrounding air is therefore not included. Conduction and natural convection are accounted for in the external flow, and the temperature of the surrounding walls, T ∞ , is set to be 298.15 K. The internal flow was not examined during the experiments; NC with and without MC is therefore investigated separately in the numerical simulations for comparison. The temperature and velocity fields surrounding the droplet are together with the internal fields displayed in Fig. 3 , where the internal flow includes Marangoni convection. The distribution of moisture around the droplet is in its turn displayed in Fig. 4 . Please note that the figures only present the flow in the close proximity of the droplet, hence part of the surrounding domain is excluded to increase visibility. The small velocities in the close proximity of the droplet will lead to a mass transfer coefficient close to diffusion (i.e., Sh ¼ h m d/D ab ¼ 2 for a sphere [39] ), hence the effects of flow induced by natural convection and buoyancy in the external flow are small for the present case. Comparisons of the attained DR from simulations are displayed in Table 2 . The two values of DR from the experiments are acquired from two different measurements [38] . The smallest differences, <5%, are attained when conduction, natural convection, and Marangoni convection are driving the internal flow.
The details of the second experiment are retrieved in Sobac and Brutin. [11] The studied droplet has a volume of V ¼ 3.64 µL, corresponding to a contact radius of r ¼ 1.44 mm. The horizontal heated surface in Sobac and Brutin [11] shows a difference in radius of only approx. 0.2 mm when compared to [12] and the droplet is therefore applied in the same setup as presented in Fig. 1 . Only the horizontal surface is heated in this comparison. The external temperature is set to T ∞ ¼ 298.55 K and the humidity RH ¼ 47.5%. The smallest differences between simulation and experiment, <1%, are attained when conduction and natural convection are driving the internal flow, see Table 1 . A difference of around 20% is observed when Marangoni convection is included in the simulations.
It is not apparent whether Marangoni convection is present in the experiments or not. The numerical model presented by Ruiz and Black, [7] including Marangoni convection, agreed well with the experiments presented in Crafton and Black [12] for a substrate temperature of 95°C. Several experimental investigations have at the same time reported minor influence from Marangoni convection in water droplets, e.g., [18] [19] . With the limitations in conformity between the numerical setup and the experiments, the accuracy of the numerical model as presented in Table 2 is considered sufficient for the scope of this work.
DOE
The geometry presented in Fig. 1 , mimicking the experiments in, [12] is now applied to the DOE study. The drying rate, DR, is chosen as response variable in the DOE. The factors of the DOE are chosen based on the humid conditions in a dishwasher, see Table 3 . MC combined with NC is compared to simulations with only natural convection to clarify the role of internal convective transport on DR. Conduction is included in all simulations. For the first study, 16 setups are evaluated with a resolution IV fractional factorial design to determine significant factors. In the simulations presented in Table 3 , forced convective flow is applied, moving from top to bottom to ensure axisymmetry (Fig. 1) . A no-slip adiabatic boundary condition is applied at the side of the heated surface and an outlet with constant average pressure is applied at the bottom of the geometry.
Velocity and temperature fields for the part of the domain closest to the droplet are displayed in Fig. 5 for run nr 4 (left) and nr 13 (right) representing the cases with highest and lowest DR, respectively. The moisture distribution for the two setups is displayed in Fig. 6 . Although the velocity is higher in run nr 13, run nr 4 will show larger gradients of moisture in the flow surrounding the droplet, and hence a larger DR.
Corresponding internal flow is displayed for run nr. 4 and 13 in Figs. 7 and 8 , respectively, showing differences in both magnitude and direction of the flow between the setups. Marangoni convection, Fig. 7 , will induce a downward flow at the apex of the droplet while natural convection induces a flow toward the apex, see Fig. 8 . In Fig. 8 the temperature field furthermore shows behavior close to conduction due to the low internal velocity. The flow directions and temperature contours presented in Figs. 7 and 8 comply qualitatively with the vectors and isotherms presented in Ruiz and Black [7] and Lu et al. [13] for the different types of internal flows. Results from the resolution IV fractional factorial design, where a log transformation is applied to attain 
normal distribution, further show the influence of the internal transport. Marangoni convection will increase the DR when compared to natural convection; see Fig. 9 , where a coefficient plot displays the scaled and centered coefficients of the model terms. The effect is however not significant within a 95% confidence level when compared to the other parameters, i.e., the displayed uncertainty range crosses y ¼ 0. The significant factors are in their turn RH, T s , ΔT, and θ, see Fig. 9 . RH is the most significant factor, followed by ΔT and T s . The velocity is not significant within the specific intervals. The large influence of RH is furthermore in line with previous findings where humidity has shown a significant role. [24, 25] In the study, RH and ΔT are closely coupled since the vapor content is dependent on both variables. To investigate the interactions between factors, a new DOE is designed where all significant factors related to the external flow are included. A CCF design with 15 runs shows that the only interaction significant within a 95% confidence level is the interaction between ΔT and RH, see Fig. 10 .
The interaction plot in Fig. 11 displays that the influence of ΔT is more pronounced at high RH. An increase in ΔT will thus have a larger effect on the DR for high RH. Investigation of the terms in the Table 3 . Note: DOE, design of experiments; MC, Marangoni convection; NC, natural convection. Figure 11 . Plot of the interaction between RH and ΔT. Fig. 11 furthermore imply that the level of RH is especially important if the ΔT is low.
Conclusion
The drying rate of sessile droplets in humid environment has been numerically investigated. Parameters influencing the evaporation have been examined, and results show that the most significant factor within the specified interval is the relative humidity in the external air. Temperature difference between surface and external air, surface temperature, and initial contact angle is also significant while external and internal velocities are found insignificant with a 95% confidence level.
The interaction between temperature difference and humidity was furthermore found significant, i.e., the influence of temperature difference is more pronounced at high humidity. Even though the type of internal flow was found insignificant for the studied setups, both magnitude and direction of the internal flow will show a clear dependence on the transport mechanism, i.e., if the internal transport is governed by Marangoni convection or natural convection. Internal circulation could therefore be of interest in future investigation regarding, e.g., particle deposition. Also transient effects on drying are subjects of future studies. 
